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Using fully three-dimensional particle-in-cell simulations, we show that readily available femtosec-
ond laser systems can stably generate proton beams with hundred MeV energy and low spread at
∼ 1% level by parallel irradiation of a tens of micrometers long plasma plate. As the laser pulse
sweeps along the plate, it drags out a huge charge (∼100 nC) of collimated energetic electrons and
accelerates them along the plate surface to superponderomotive energies. When this dense elec-
tron current arrives at the rear end of the plate, it induces a strong electrostatic field. Due to the
excessive space charge of electrons, the longitudinal field becomes bunching while the transverse
field is focusing. Together, this leads to a highly monoenergetic energy spectrum and much higher
proton energy as compared to simulation results from typical target normal sheath acceleration and
radiation pressure acceleration at the same laser parameters.
PACS numbers: 52.38.Kd, 41.75.Jv, 52.38.-r, 52.27.Ny
The research of laser-driven ion acceleration received
renewed interest in recent years due to several break-
throughs achieved in experiments [1–4] and the forth-
coming petawatt laser devices [5]. The maximum proton
energy has been improved from 58MeV [6] to 94MeV [4]
with advancements in both laser technology and targetry.
However, the ion beams still exhibit an exponentially de-
caying energy distribution. This is a major drawback
to cancer therapy and other applications, which require
energy spread only about 1% [7–9]. An energy-selection
system out of a broad energy spectrum ion source so-
phisticates the device and leads to huge particle loss
[10, 11]. Meanwhile, most of experiments are accom-
plished on large laser facilities which deliver 100s J en-
ergy within a picosecond at low repetition rate [1, 2, 4, 6].
These lasers can be operated only in a few national lab-
oratories [5]. Compared to this, a high-repetition-rate,
low-cost and stable femtosecond laser is more preferable
for developing the future compact ion sources. Actually,
100 Terawatt (TW)-class femtosecond laser systems have
been distributed widely around the world and also many
multi-petawatt (PW) ones are currently operational, un-
der construction or in the planning phase [5], for which
generation of monoenergetic high-energy ion beams is one
of primary applications. Nevertheless, in the present fem-
tosecond laser-ion acceleration experiments, proton ener-
gies are typically much lower than those obtained from
picosecond laser pulses and the energy spectra are also
broad [12–17].
To achieve monoenergetic ion beams, a longitudinal
bunching accelerating field is important, in which fast
ions experience a smaller field and the slow ones a larger
field. In traditional radio-frequency accelerators, such a
bunching field is realized through controlling the phase
of the synchronous particle relative to the crest of the
accelerating wave [18], while in laser-ion acceleration, it
appears as a longitudinal negative gradient electric field
acting on the accelerated ions. In one of the mostly inves-
tigated laser-ion acceleration mechanisms, radiation pres-
sure acceleration (RPA) [19–22], such a bunching field
was supposed to exist through piling excessive electrons
at the rear surface. However, to obtain monoenergetic
ion beams, the RPA requires ultraintense laser pulses
(> 1022 W/cm2) and a large spot size simultaneously,
which remains a big challenge in experiments even for
multi-PW lasers. In addition, the RPA is plagued by
strong electron heating due to effects of transverse insta-
bilities [23] and finite spot size [13]. These may induce
relativistic transparency and destroy the bunching elec-
tric field. As a consequence, the obtained ion energy is
rather limited and energy spread is very large.
In the other widely studied mechanism, target nor-
mal sheath acceleration (TNSA) [24–27], this longitudi-
nal bunching field is absent due to the low density of
energetic electrons. The energy spectrum of TNSA ions
is characterized by an exponential decay. Moreover, the
acceleration time is related to laser pulse duration, which
undoubtedly leads to much lower energy with femtosec-
ond laser pulses [28, 29].
Many efforts have been devoted to overcoming the lim-
itations of these mechanisms to improve the ion beam
parameters, especially the maximum energy and en-
ergy spread. Here, we may mention target designs
[16, 26, 30, 31], multi-pulse schemes [32, 33], post-
acceleration [34] and novel mechanisms [35–40]. Never-
theless, the obtained energy spreads are still larger than
10% due to the absence of a self-established bunching
field, and also the increasing complexity in the laser pulse
and target configurations may reduce the repetition-rate
and robustness of experiments. Therefore, the future of
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2FIG. 1. (color online) Schematic of ion acceleration mecha-
nism via a femtosecond laser (red-blue) incident parallel to a
micro-scale plate (grey). The yellow domain shows the dis-
tribution of the longitudinal bunching field and green dots
represent accelerated ions. Here the schematic does not rep-
resent the true scale, where an infinitely long plate along z
direction can be used in experiment.
producing high-energy (like 100MeV protons), monoen-
ergetic (energy spread about 1%) ion beams with the
known mechanisms is vague.
In this Letter, we show that a longitudinal bunching
accelerating field is built spontaneously when a currently
available femtosecond laser pulse is incident on an edge
of a simple micro-scale plasma plate, parallel to its sur-
face, as shown by Fig. 1. As the laser pulse of inten-
sity > 1020 W/cm2 sweeps along the plate, it extracts
abundant buckets of electrons from the plate into vac-
uum and accelerates them forward along the plate sur-
face to superponderomotive energies via direct laser ac-
celeration (DLA) [41] and surface plasma wave (SPW)
[42, 43]. The charge of energetic electrons (many tens to
hundreds of nC) injected into the accelerating region at
the rear edge of the plate is much larger than that of pro-
tons placed there (just a few nC). This ensures that the
protons near the laser propagation axis are surrounded
by the excessive space charge of electrons, that leads to a
negative gradient longitudinal bunching field and also a
transverse focusing field. Finally, a quasi-monoenergetic
proton beam with peak energy >100MeV, energy spread
about 1% and particle number ∼ 109 can be stably ob-
tained.
The three-dimensional (3D) particle-in-cell (PIC) sim-
ulations are conducted with the EPOCH code [44] and
the VLPL code [45]. The simulation box is 120λ ×
40λ × 52.5λ in the x × y × z directions, containing
2400 × 1600 × 1050 cells, respectively. Here, a higher
resolution in y direction is used to resolve the plasma
skin depth and the process of electrons extraction out
from the plate, since a y-polarized laser pulse is cho-
sen. We use larger box length in z direction because of a
large plate to mimic the real experimental situation. The
laser intensity is I0 = 7.8 × 1020W/cm2 with the wave-
length λ = 800nm. The laser pulse has the Gaussian
profile in both space and time with the radius rL = 7.5λ
and pulse duration τL = 45fs, respectively, which is fo-
cused at the front edge of the plate. A plasma plate of
high-Z material (we assumed gold) had the dimensions
x× y × z = 43.75λ× 0.75λ× 45λ. Its rear end has been
covered by a hydrocarbon (CH) layer. To reduce the
computational resources, the electron densities for the
plasma plate and CH layer are both chosen as relativisti-
cally overdense ne = 30nc. Here nc = pimec
2/e2λ2 is the
critical density. The initial charge states of ions are given
according to the Ammosov-Delone-Krainov formula [46],
which means the ion species are Au51+ in the main tar-
get, C6+ and H+ in the hydrocarbon layer. The trans-
verse dimensions of the CH layer are 0.75λ× 45λ (same
as the plate), while the longitudinal is set to lx = 0.4λ
to ensure the proton charge realistic. The density ratio
of proton to carbon ion is np : nC6+ = 1 : 1. The macro-
particles in each cell for electrons, gold ions, carbon ions
and protons are 8, 1, 8 and 32, respectively. Open bound-
ary conditions for fields and particles are employed. The
numerical convergence has been confirmed via compar-
FIG. 2. (color online) (a) and (b) show the distributions of
electron and proton density in (x, z) plane at t = 82T0, respec-
tively. The red line in (b) displays the on-axis profile of the
accelerating field Ex. (c) and (d) show the transverse mag-
netic field By and electric field Ez, respectively. The lines
in (d) correspond to the collimated trajectories of selected
protons, where the color represents the proton energy.
3ing the interested physical quantities with simulations at
different resolutions and the two codes.
Figure 2(a) shows the electron density distribution in
(x, z) plane at t=82T0, where t = 0 represents the time
when the pulse peak enters the simulation box. One
sees that the electron beam exiting the plate is highly
collimated. This is because, as the laser pulse sweeps
along the plasma plate, electrons within the skin depth
are continuously ripped off by the laser electric field Ey
and accelerated forward via the mixed DLA and SPW
mechanisms. Both of them contribute to the increments
of px, resulting in px  p⊥  mec [41, 42, 47]. For DLA,
it is due to the v×B force and for SPW, it is the longitu-
dinal surface plasmon field [48]. The SPW can be easily
excited when a laser pulse is incident along an overdense
plasma surface with a sharp edge, and then travels along
the plate with velocity close to c [42, 43]. Such an acceler-
ation benefits from a long plate irradiated by the center
of laser pulse. It promises longer acceleration distance
and larger electron charge compared to a grating target,
and it does not require specific modulations [49, 50]. Af-
ter electrons are injected into the vacuum, a transverse
focusing magnetic field By is induced, as shown by Fig.
2(c), which offsets the defocusing force of Coulomb field
Ez [shown by Fig. 2(d)].
The space charge of this collimated electron beam is
huge. When the laser pulse reaches the rear surface,
the charge of high energy electrons (γe > 10) outside
of the plate is about 150nC (∼ 1012), which accords
well with the estimation of Ne = 4rLlslpne, where lp
is the plate length, ls = c/ωpe is the skin depth and
ωpe =
√
4pinee2/me is the plasma frequency. Then, a
large part of them are continuously injected into the ion
acceleration region, where the electron space charge can
reach about 50nC, much larger than the charge of pro-
tons (about 2.7nC within the focus spot). This ensures
that protons, especially those around the propagation
axis, are surrounded by a negative electron cloud dur-
ing the acceleration process. The distribution of proton
density in (x, z) plane is shown in Fig. 2(b), which is
much lower than the electron density [Fig. 2(a)], even at
the compressed density peak. In one dimensional situa-
tion, ∂Ex/∂x = −4pie(ne − np). Therefore, a longitudi-
nal bunching electric field forms around protons, as the
red line shown in Fig. 2(b), like the “compressed elec-
tron layer” in RPA [51, 52], which compresses the proton
phase space [Fig. 3(a)] and reduces the energy spread
[solid lines in Fig. 4(b)] repeatedly. This is the reason
for the formation of a proton density peak in Fig. 2(b).
Meanwhile, for protons, the Ez field provides a focus-
ing force, while By is defocusing. However, since Ez is
comparable to By and the velocities of protons vx are
smaller than the light speed, protons are actually fo-
cused by these transverse fields. We show trajectories
of some selected protons in Fig. 2(d), where the color
marks the evolution of proton energy. Moreover, we can
also see more protons gather around the x-axis in Fig.
2(b). Such a self-established longitudinal bunching and
transverse focusing field configuration makes our scheme
robust and suitable for generation of monoenergetic ion
beams. This is the key difference from the typical TNSA,
where a debunching field dominates the acceleration pro-
cess. Furthermore, compared to the requirement of a
fragile balance condition in RPA [22, 23], the bunch-
ing field in our scheme is self-established on the basis of
large number of high-energy electrons, which is very ro-
bust only if the plate is long enough to provide sufficient
charge of electrons.
Figure 3(b) shows the 3D perspective view of proton
distribution at the end of acceleration, where the color
marks the proton energy and the local density of dots
indicates that of proton, since each dot was randomly
selected and has the same weight. We see that the highest
energy protons gather around the propagation axis (red
region), forming a high-density (∼ 0.1nc), high-energy
(> 100MeV) quasi-monoenergetic proton bunch.
Further, the red line in Fig. 4(a) represents the elec-
tron effective temperature Teff at t = 50T0, which is
about 36MeV, much larger than the value of 6.4MeV
FIG. 3. (color online) (a) Evolution of proton phase space,
where the protons are selected within a 10◦ divergence angle
and the color represents the relative proton number. (b) 3D
image of the proton distribution at t = 106T0, where the color
shows the energy and the local density of dots indicates that
of proton. Each dot represents 200 macro-particles.
4FIG. 4. (color online) Energy spectra of electrons (a) and pro-
tons (b). In (b), the black, blue and red solid lines show the
evolution of proton energy spectra in our scheme at t = 56T0,
66T0 and 106T0, respectively. The red dashed line displays the
results with a misalignment of 2λ along y direction. Moreover,
the green dashed lines in (a) and (b) represents the corre-
sponding energy spectra obtained from typical TNSA, while
the green dotted line in (b) shows the results from RPA, where
the electron and proton number multiply a factor of 0.1 and
0.01, respectively, to make it suitable to the coordinate range.
Note that here protons are selected inside a 10◦ divergence
angle.
given by ponderomotive scaling Tpond = (
√
1 + a20/2 −
1)mec
2 [41, 53]. The electron density is also high, about
nh = 2.5nc, when electrons are attracted to flow into
the mid-plane from both sides. The initial longitudi-
nal field Esh =
√
8pinhTeff/eN = 4.54 × 1013 V/m with
eN ≈ 2.71828 [28], is consistent with the simulation re-
sult 5.0 × 1013 V/m, which is almost comparable to the
peak value of laser field. Due to the collimation and
large longitudinal recirculation radii of high-energy elec-
tron beams, Ex decays only slowly and the acceleration of
the high-energy protons could last for 150fs (about four
times longer than τL). This strong, long-lasting accel-
erating field leads to a high efficient acceleration, which
also explains why almost all the protons near x-axis are
evacuated in Fig. 2(b).
Figure 4(b) shows the energy spectra of proton beam
at different times. At the beginning, the energy spread
is large (black line), since protons feel a positive gradient
Ex as they are pulled out from the CH layer. Subse-
quently, the energy spread decreases constantly due to
the longitudinal bunching field caused by excessive elec-
trons, as shown by the blue and red lines. Finally, a high-
energy quasi-monoenergetic proton beam, with peak en-
ergy >100MeV, energy spread about 1.17% and particle
number 8 × 108 (0.13nC) within the peak (FWHM), is
obtained (red line). This low energy spread persists for a
long time since the further contribution of Coulomb ex-
plosion could be ignored considering the co-propagating,
collimated electron beam. Note that our results is very
robust, which is not sensitive to a possibly slight mis-
alignment [red dashed line in 4(b)], variation of target
dimensions (length, thickness or height) [54], and exis-
tence of preplasma [54].
Moreover, as a baseline comparison, we also performed
3D simulations with a laser pulse obliquely incident on
a flat target with incidence angle 30◦, where the laser
parameters keep the same. The electron and proton en-
ergy spectra are shown by the dashed green lines in Fig.
4(a) and 4(b), respectively. The effective temperature is
much lower and the maximum proton energy is about five
times less than that in our scheme and the energy spec-
trum is broad. Furthermore, the green dashed-dotted
line shows the results from a target with area density
satisfying the optimal condition of RPA [52]. Due to the
effects of instabilities [23], the energy spectrum is expo-
nentially decaying and the maximum energy is only half
of ours.
Figure 5 illustrates the peak proton energy p (black
asterisks) and energy spread (red triangles) as a func-
tion of laser intensity I0 obtained from 3D simulations,
where the other parameters keep almost the same. The
numerical results suggest that the scaling of p satis-
fies p ∼ α(I0/I18)1/2, with coefficient α ≈ 3.5 MeV
and I18 = 10
18 W/cm2. Though the scaling is similar
to that of TNSA, the proportionality factor α is signif-
icantly higher, as we discussed before. This stems from
the high-quality electron beam characterized with large
particle number, high effective temperature and small di-
vergence angle. More importantly, as the red triangles
shown in Fig. 5, the energy spread always stays at an
extremely low level, and even with moderate intensity
I0 < 10
20 W/cm2, it is still less than 10%. Proton beams
with an energy spread at 1% level can be stably obtained
as the laser intensity increases. To the best of our knowl-
edge, no experiments or 3D PIC simulations of laser-ion
acceleration have reported such high-quality ion beams
[8, 9, 55]. Though in Ref. [56], proton beams with energy
spread 1% were achieved, but only ∼ 105 protons within
peak and the experiments are performed with CO2 laser
FIG. 5. (color online) The peak proton energy p (black aster-
isks) and energy spread (red triangles) with varying laser in-
tensity, where the other parameters are kept almost the same
as those of Fig. 2, except the electron density to avoid the
relativistic transparency. The dashed black line displays the
best fit scaling for peak proton energy.
5systems.
In conclusion, a robust scheme for achieving 100MeV
proton beams with energy spread at the ∼ 1% level
is proposed, where a longitudinal bunching and trans-
verse focusing field is self-established through irradiating
a femtosecond laser pulse parallel to a micro-scale plate.
This novel interaction geometry not only promises a high-
quality proton beam, but also enables other fundamental
studies and various applications. For example, as the
high-energy electrons move forward, a large return cur-
rent and therefore a strong quasistatic magnetic field is
induced, which could compress the plasma to an ultra-
high density [54, 57]. Therefore, a microscale ultradense
Z-pinch can be expected to form.
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